Background: As protein is considered to increase thermogenesis and satiety more than other macronutrients, it may have beneficial effects on prevention of weight gain and weight maintenance. Objective: The objective of this study is to assess the association between the amount and type of dietary protein, and subsequent changes in weight and waist circumference (WC). Methods: 89 432 men and women from five countries participating in European Prospective Investigation into Cancer and Nutrition (EPIC) were followed for a mean of 6.5 years. Associations between the intake of protein or subgroups of protein (from animal and plant sources) and changes in weight (g per year) or WC (cm per year) were investigated using gender and centre-specific multiple regression analyses. Adjustments were made for other baseline dietary factors, baseline anthropometrics, demographic and lifestyle factors and follow-up time. We used random effect meta-analyses to obtain pooled estimates across centres. Results: Higher intake of total protein, and protein from animal sources was associated with subsequent weight gain for both genders, strongest among women, and the association was mainly attributable to protein from red and processed meat and poultry rather than from fish and dairy sources. There was no overall association between intake of plant protein and subsequent changes in weight. No clear overall associations between intakes of total protein or any of the subgroups and changes in WC were present. The associations showed some heterogeneity between centres, but pooling of estimates was still considered justified. Conclusion: A high intake of protein was not found associated with lower weight or waist gain in this observational study. In contrast, protein from food items of animal origin, especially meat and poultry, seemed to be positively associated with long-term weight gain. There were no clear associations for waist changes.
Introduction
The increasing prevalence of overweight and obesity is one of the main contributors to the growing burden of lifestylerelated chronic diseases, such as type 2 diabetes, heart disease and some cancers. 1 It is, therefore, of great interest to identify modifiable predictors of body weight gain, among them dietary factors. As protein is considered to increase thermogenesis and satiety more than other macronutrients; attention has lately turned to its potential beneficial effects on prevention of weight gain and weight maintenance. 2, 3 A comprehensive review from 2009, studying the epidemiological evidence on the associations between diet (both at macronutrient level and food level) and subsequent weight gain and obesity, however, concluded that based on the selected literature 'Levels of protein intake, regardless of source, are not associated with subsequent excess weight gain or obesity although the results were inconsistent'. 4 Among the eight cohort studies found on adults, six studies did not find any significant associations between total protein intake and subsequent changes in weight or waist circumference (WC).
One study found positive associations between higher protein intake and both gain in weight and waist-to-hip ratio in white, but not in black, men and women and one study found lower gain at the waist at higher intakes of protein. Very few studies were identified on subtypes of protein (various animal and plant origins) so no clear conclusions could be drawn with regard to protein sources.
There is an obvious need for more large-scale prospective studies to investigate these associations. We have, therefore, studied the association between dietary intake of total protein and protein from various animal and plant sources and subsequent changes in weight and WC in several cohorts from the European Prospective Investigation into Cancer and Nutrition (EPIC) participating in the diet, genes and obesity (Diogenes) project.
Materials and methods

Study population
We used data from six cohorts within five countries participating in the EPIC study: Denmark (Copenhagen and Aarhus with identical methods and hence, considered one cohort, DK-CopAa), Germany (Potsdam, Ger-Pot), Italy (Florence, IT-Flo), The Netherlands (Doetinchem, NL-Doe and Amsterdam/Maastricht, NL-AmMa, as two separate cohorts, because of the differences in data collection methods) and the UK (Norfolk, UK-Nor). These cohorts are all population-based and included both men and women. 5 From the 146 543 initial participants across six cohorts, our final study population consisted of 89 432 eligible participants (52 307 women, 58%), after exclusions. An a priori decision was made to exclude the following participants: those with no follow-up data available (n ¼ 44 197), women who were pregnant at either baseline or follow-up (n ¼ 133), those with missing data on diet at baseline (n ¼ 113), the top and bottom 1% of the ratio of total energy intake/predicted energy expenditure (n ¼ 1803), missing anthropometry (baseline or follow-up) or missing follow-up time (n ¼ 2022) or those with extreme anthropometric data (heighto130 cm, body mass index (BMI)o16 kg m
À2
, waisto40 cm or 4160 cm, and weight change 45 kg per year or WC change 47 cm per year, and unrealistic combinations of BMI and WC, n ¼ 331) or with baseline chronic disease (prevalent diabetes, cancer or cardiovascular disease, n ¼ 8512). The mean duration of follow-up ranged from 3.7 to 10.0 years in the six cohorts.
Dietary assessment
Detailed dietary information at baseline was collected by country-specific food frequency questionnaires (FFQs) that asked about habitual intake of medium-sized serving of foods over the past year. 5 Food intake in g per day was
derived by multiplying the frequency of intake with portion sizes. Energy intake was calculated by using national food composition tables. Estimated daily protein intakes were calculated by multiplying the protein content of each food of the specific portion size by the frequency of consumption as stated on the FFQ using country-specific national food tables. All reported foods were classified as follows: animal (defined as X95% animal origin); plant (defined as X95% plant origin); mixed origin; non-organic; or unknown quantities of animal/plant (as, for example, for ready-to-eat dishes and cakes without any clear declaration or containing ingredients of mixed or unknown origin). On the basis of this information it was possible to estimate the intake of protein of animal and plant origin. For the relative few food items, in which the origin could not be identified, protein origin was classified as 'unknown'. In addition, as supplementary exploratory analyses, protein from animal sources was divided into protein from red or processed meat, poultry, fish and dairy products. In a random sample of 6790 participants among the 89 432 participants (constituting B7-8% of each EPIC cohort), dietary intake was also assessed by a standardized 24-h recall using EPIC-SOFT. 6 Data from this method were used to account for differences between national FFQs and to reduce potential measurement error introduced by the FFQs. Both observed and calibrated dietary protein intake data consisted of protein intake in kcal per day for total protein, and subgroups of protein divided into animal, plant or unknown origin. We also used data for other macronutrients: carbohydrate, fat (in kcal per day) and alcohol (included in the following categories (0 to o0.1 g per day, X0.1 to o5g per day, X5 to o15 g per day, X15 to o30 g per day, X30 to o60 g per day, X60 g per day). In the main analyses we used the observed dietary data, whereas calibrated data were used in sensitivity analyses.
Assessment of anthropometry and changes in weight and WC At baseline, weight, height and WC were measured according to a pre-specified protocol by trained staff in all six cohorts, with participants wearing no shoes and either light indoor clothing (UK-Nor, NL-Doe and NL-AmMa) or underwear (IT-Flo, Ger-Pot and DK-CopAa). At follow-up, anthropometric measurements were performed according to an identical protocol as during baseline examination by staff in UK-Nor and NL-Doe or were self-reported by the participants in a follow-up questionnaire in the other cohorts. The BMI was calculated by dividing weight (kg) by the square of height (m 2 ). We used observed anthropometric measures without applying any correction factors for clothing or self-reporting in the main analyses to give an accurate reflection of the available weight data across Europe.
The outcomes in the current analyses were annual change in body weight (g per year) or WC (cm per year). This was calculated for each participant by subtracting the baseline value from the follow-up value and dividing the difference by the duration of follow-up in years.
Statistical analysis
We examined the distribution of dietary protein intake (exposure) and of annual weight and waist change (outcome) across the six cohorts in men and women, separately. Next, we explored the association between total or subgroups of protein intake and annual weight and waist changes using the energy partition method, 10 which is a model not adjusted for total energy. Estimates in a partition model are interpreted as the effect of increasing the total energy intake of protein for a fixed level of the remaining macronutrient included in the model. In the model energy intake from protein, carbohydrate and fat was included as continuous variables in the models and the estimate for protein are presented per 150 kcal per day increments (equalling per 37.5 g of protein), whereas alcohol intake was included in categories (0 to o0.1 g per day, X0.1 to o5 g per day, X5 to o15 g per day, X15 to o30 g per day, X30 to o60 g per day and X60 g per day).
Further adjustments were made for baseline weight, height, WC (in the analyses of waist change only), age, follow-up time (all included as continuous variables), changes in smoking status between baseline and follow-up (stable smoker, stable non-smoker, start smoking and stop smoking), baseline physical activity index (categories of inactive, moderately inactive, moderately active and active), education (highest level achieved from categories of none/primary school, secondary school technical/professional qualification or university degree) and in women, also menopausal status and use of hormone replacement therapy at baseline (yes/no categories). If information was missing for the potential confounder variables an 'unknown' category was created for each variable and included in the models.
Analyses on subgroups of protein were conducted with the three subgroups included together (estimates are presented per 150 kcal per day) instead of total protein and then adjusted for the same macronutrient and covariates as in the model for total protein.
Test of linearity of continuous variables included in the model was evaluated by linear splines with three knots placed at the quartiles of the distribution.
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Gender-specific linear regression models were constructed, to test initially for statistical interactions between the dietary protein exposures and cohort to define our analytical strategy. For both weight and waist changes interactions with centre were present for total and animal protein (strongest among women), therefore, it was decided to run gender and centre-specific analyses. Estimates (and 95% confidence intervals, 95% CIs) of the effect of the exposure were calculated within each cohort and gender group and displayed in forest plots. A pooled estimate (and 95% CI) across cohorts was calculated using a random effects metaanalysis approach. I 2 and a P-value for heterogeneity between cohorts were also reported.
12
Interactions between protein intake and (1) age, (2) duration of follow-up, (3) baseline BMI and (4) changes in smoking behaviour was performed using data stratified on gender and cohort and with the relevant interaction term included. The P-value for interaction terms was calculated using an F-test, and if Po0.01 in at least three out of the six cohorts the interaction was considered statistically significant.
The a priori strategy was to evaluate gender-specific associations. However, the associations with neither animal, or plant, nor unknown protein differed significantly between men and women (according to the above mentioned criteria for interaction). Therefore, joint estimates for men and women are presented in addition to the gender stratified associations.
In the supplementary analyses, it was also tested whether main sources of animal protein (red and processed meat, poultry, fish and dairy) were differentially associated with weight and waist changes.
A series of sensitivity analyses, in which main analyses were repeated using calibrated dietary exposure data, were performed. Furthermore the associations for animal and plant protein were evaluated after assuming the amount of 'unknown' protein as either 100% plant or 100% animal protein. Furthermore, we applied a 'correction' for differences in body weight and WC across cohorts by subtracting 1 kg or 2 cm when measured in light clothing, and by applying a regression equation to predict weight or WC from self-report. 13 To investigate the potential role of comorbidity during follow-up, participants with incident chronic diseases (diabetes, cancer and cardiovascular disease) were excluded from the analyses. Finally, an energy substitution model was used to evaluate the degree at which the Table 1 shows the baseline dietary intake and characteristics of anthropometrics and potential confounders in the total population. Details from each of the six centres are presented in Supplementary Online Material Tables 1 and 2 .
Results
Associations between protein intake and changes in weight and WC An overview of the pooled estimates and 95% CI of the association between intake of total and subgroups of protein and changes in weight and WC based on the random effects meta-analysis across centres are presented in Table 2 .
Weight changes. An overall association between higher daily intake of total or animal protein and subsequent gain in weight was present, for both men and women. The strongest effect was seen among women, in whom a 150 kcal higher daily intake was associated with an yearly weight increase of 78 g (95% CI 35 to 120) and 82 g (95% CI 41 to 124) for total and animal protein, respectively. For men the yearly weight increase was 29 g (95% CI ¼ À1 to 59) and 30g (95% CI¼ À8 to 68), respectively ( Table 2) . Although most cohort-specific estimates were positive, some heterogeneity across centres was present, but the pooling of the estimates was still considered justified ( Figure 1 and 2 ). For plant protein and protein from unknown origin no overall significant association with weight changes was present, and no clear indication of heterogeneity across centres was present either.
Changes in WC.
No overall associations between daily intake of total protein or subgroups of protein and Includes both stable never and stable ex-smoker at both baseline and follow-up. In a model, including baseline intake of fat, carbohydrate (in kcal) and alcohol intake (in categories), baseline age, weight, (WC in the WC change analyses), height, physical activity, educational level and, for women, menopausal status and hormone use, follow-up time and changes in smoking status between baseline and follow-up. Two models were constructed: one including total protein and the remaining macronutrients and covariates and the other including the three protein subgroups (animal, plant and unknown) and the remaining macronutrients and covariates.
Protein intake and changes in weight and waist J Halkjaer et al subsequent changes in WC were present, besides a borderline significant positive association for protein of unknown origin among men (Table 2) . However, as for weight changes, some heterogeneity across centres was present for total and animal protein with estimates ranging from significantly positive to significantly inverse associations ( Figures 3 and 4) , whereas less heterogeneity was seen for protein of plant and unknown origin.
Interactions
We tested for interactions between daily protein intake and baseline BMI (below or above 27 kg m -2 ), age (linear, below and above 60 years of age), follow-up time (linear) and changing smoking status on the association with both weight and waist changes. None of the potential effect modifiers investigated altered the association between total, animal, plant or unknown protein and annual changes of weight and WC based on the criteria described in the method section (data not shown).
Supplementary analyses of subtypes of animal protein
The findings on animal proteins lead to suggestion of additional exploratory analyses on protein intake from a number of main animal food sources, such as red and processed meat, fish, poultry and dairy products. These analyses showed that the positive association between animal protein and weight gain could mainly be ascribed to protein from red and processed meat and poultry, rather than to protein from fish and dairy products ( Table 3) . As for total animal protein none of the different animal protein sources were strongly associated to changes in WC; intake of protein from fish and dairy products tended to be inversely associated and the intake of red and processed meat seemed to be positively associated with changes in WC.
Sensitivity analyses
Additional analyses were conducted, in which protein from unknown origin were considered as either solely belonging to animal or plant origin. Including protein of unknown origin in either animal or plant protein did not change the overall estimates for either animal or plant protein, although it did slightly influence the individual estimates in some centres. When conducting the analyses using a traditional energy substitution model, in which protein replaces intake of other energy sources (fixed total energy intake), our overall results were very similar to those obtained from the partition model. Total and animal protein was still positively associated with weight gain and the association remained stronger among women than that among men. The only Figure 1 Association between intake of total protein (per 150 kcal) and subsequent yearly changes in weight (g per year) from a random effects meta-analysis across centres (in a model, including baseline intake of fat, carbohydrate (in kcal) and alcohol intake (in categories), baseline age, weight, height, physical activity, educational level, follow-up time and changes in smoking status between baseline and follow-up, and for women, baseline menopausal status and use of hormone replacement therapy).
Protein intake and changes in weight and waist J Halkjaer et al clear difference was that the non-significant increase in weight among women for higher daily intake of plant protein, now reached statistical significance. For changes in WC, as in the partition model, no significant associations were present (data not shown). Exclusion of incident disease (diabetes, cancer and cardiovascular disease) between baseline and follow-up did not change the results and overall conclusions notably, beside a tendency towards a stronger positive association between plant protein and yearly weight change among women, although still without reaching significance.
Use of calibrated dietary data resulted in larger absolute estimates for weight changes but similar overall conclusions. Using calibrated dietary data indicated positive overall associations between total and animal protein and waist changes for women, which were not seen in the analyses with observed dietary data. This positive effect was to some extent driven by UK-Nor, where the association changed from 0.03 to 1.29 cm per year per 150 kcal higher daily total protein intake, whereas much less extreme changes were seen for the calibrated estimates in other centres. Excluding UK-Nor from the random effect meta-analysis reduced the overall estimate and the heterogeneity across centres considerably, and no significant association was then present.
Finally, correcting the anthropometric data (adjustment for self-report and clothing) did not change the associations and conclusions.
Discussion
In this prospective cohort study with participants from five European countries, total protein and protein from animal sources was positively associated with subsequent body weight change, strongest among women, whereas plant protein was not associated with weight changes. The association with animal proteins could be attributed mainly to protein from red or processed meat and poultry rather than to fish and dairy products. Intake of total or subgroups of protein was not associated with subsequent overall changes in WC. The results were all stable in different sensitivity analyses and no clear indication of modifications of the associations was present, when testing selected potential effect modifiers.
The strengths of our study include its large-scale and multi-centre prospective study design (nearly 90 000 participants from six cohorts across European countries with repeated anthropometric measurements), the inclusion of both men and women, the wide age range included and Protein intake and changes in weight and waist J Halkjaer et al participants with widely varying intake and sources of dietary protein. 5, 14 The analyses were based on centrally standardized covariables and harmonized nutrient databases (EPIC nutritional database (ENDB)). 15 The detailed information about the animal and plant origin of all food items, from which intake of animal and plant protein has been estimated provided important extra knowledge to investigate the association between health outcomes and sources of protein. The minor part of protein in all centres that could not be classified as either animal or plant origin, could hypothetically introduce bias. Sensitivity analyses assuming that this remnant was either solely of plant or animal origin did not change the overall result for either plant or animal protein indicating that this was not the case. Use of the FFQ for dietary assessment has the potential problems of possible under-or over-reporting of specific food intake. However, this problem might be a bigger issue for fat intake than protein, as some studies indicate a presumed relatively greater underestimation of fat and/or carbohydrate, than of protein. 16, 17 We only analyzed dietary intake at one time point (baseline) and were consequently not able to take dietary changes during follow-up into account. Repeated dietary information would be of interest. However, studying concordant changes in both diet and body size, as done in some studies, 18 makes it difficult to separate the exposure from the possible effects and introduce difficulties due to a possible modification of the diet as a consequence of a change in weight or WC, so-called reverse causality. Thus to study changes in diet followed by weight changes would optimally require at least three examination time points. Weight and WC were self reported at follow-up instead of measured in four out of six study centres, potentially adding to the heterogeneity between centres. In additional analyses, we corrected anthropometrics for clothing differences and self-reporting using methods previously developed in the EPIC study. 13 These corrections did not change the study conclusions.
There was a considerable difference in follow-up time between the six cohorts, introducing the possibility of differential weight changes at varying follow-up time. To overcome this difference, yearly weight changes were analyzed instead of absolute changes over the entire followup time and in addition we adjusted for duration of followup time in the analyses.
Some degree of heterogeneity across centres was present for the associations between protein and changes in weight or WC. Thus, we presented the results for each cohort separately, and also calculated a pooled estimate of effect, using a random effects model that allowed us to take into account the between cohort heterogeneity, as well as allowing for different influences of the potential confounders Protein intake and changes in weight and waist J Halkjaer et al across cohorts. 19 Reasons for the heterogeneity across centres are not clear. However, the dietary sources of protein do vary in the different centres, 14 which might explain part of the differences. In the present study the additional analyses on protein from different animal food sources did, to some content, confirm this. Less heterogeneity across centres was generally seen here, in comparison to when total animal protein was considered (data not shown).
Differences in measurement methods of the anthropometrics (self reported in four, whereas measured in two centres at follow-up) might also introduce heterogeneity, but associations in centres with measured data did not align more than associations based on self-reported data at follow-up.
Total protein and protein from various food sources, rather than intake of the 'whole' food items as such, are studied in In a model, including baseline intake of fat, carbohydrate (in kcal) and alcohol intake (in categories), baseline age, weight, (WC in the WC change analyses), height, physical activity, educational level and, for women, menopausal status and hormone use, follow-up time and changes in smoking status between baseline and follow-up. All protein subgroups were included in the same model. The remaining protein intake was adjusted for by including a variable 'protein from other sources'. The protein variables sum up to total protein intake.
Protein intake and changes in weight and waist J Halkjaer et al the present study. It can therefore not be excluded that the other macronutrients in the protein-rich food items are partly responsible for the results found for protein. A large effort was however done to carefully adjust the associations for the remaining macronutrients to prevent this, but residual confounding cannot be totally excluded. Interpretation of the results needs to be done in the light of this.
The reasons for differences in the associations between dietary protein and changes in abdominal or general body size are not clear. It could be that higher animal protein intake mainly is associated with overall weight gain, but not specifically to gain at the waist. To be able to investigate this question in detail, accurate body composition data are necessary; unfortunately, such data do not exist in the present cohorts. Another reason why associations were seen for weight, but not for waist changes, could be the mixed effects for different sources of animal protein on changes in WC, which ends up in no overall association between 'total' animal protein and waist changes, whereas for weight changes the estimates are in the same direction. Finally, the self-reported WC may be less precise than self-reported weight introducing a larger degree of measurement error and thereby, a dilution of a possible association.
In comparison to the present results, among the rather few previous studies one study also found a positive association between changes in weight and total protein intake in US white, but not in black, men and women, 20 and a longitudinal study showed that participants with a high body fatness (425% for men and 435% for women) at the age 36 years reported higher intake of protein at the age 32 and 36 years compared with participants with lower body fatness; no information about weight and WC changes was included. 21 Most other studies found no associations. 4 Different methodology as, for example, energy adjustment methods 10 and adjustments for other dietary factors and covariates, may contribute to the inconsistency of the results. Even fewer studies have investigated the associations between protein intake and changes in WC or waist-to-hip ratio and for these studies both positive, inverse and no associations were seen. 20, 22, 23 Protein from different dietary sources has hardly been studied making it impossible to compare the present results with other prospective cohort studies. The present study did indicate that animal and plant protein were differently associated to weight and waist gain and that associations might differ for different sources of animal protein. The reasons why protein from different sources may influence weight differently are still very speculative and need further investigation. High intake of animal protein may reflect a western diet pattern high in intake of red meat, which has been related to weight gain. 24 On the other hand protein from meat has been seen to produce a higher 24-h energy expenditure than protein from soy and is consequently assumed to be associated to lower weight gain than other sources of protein. 25 This hypothesis is, however, based on a mechanistic study and it is unknown whether this applies in the long run in members of the free-living populations. There are hypotheses suggesting that intake of dairy sources might prevent weight gain and produce a preferential loss of abdominal fat. Here, the suggested mechanism has primarily been related to the high content of calcium, which may function synergistically in combination with bioactive compounds, such as angiotensin-converting enzyme inhibitors and the rich concentration of branched-chain amino acids. 26 In conclusion, this study showed associations between higher daily intake of total protein and protein from different food items of animal origin and subsequent moderate weight gain, especially among women, whereas no clear overall associations were seen for waist changes. The present study adds valuable information to the limited existing evidence on the associations between intake of different sources of protein and subsequent changes in weight and WC. More studies investigating the different subtypes of protein and whether different associations are present for different body sites are still needed, together with studies investigating whether the effects can be ascribed to protein as such, or whether they are rather due to the complex of nutrients found in protein-rich food items.
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